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A strain of Escherichia coli with a deletion of the penicillin-binding protein 6
gene (dacC) has been constructed. The properties of this strain establish that the
complete lack of penicillin-binding protein 6 has no marked effect on the growth of
E. coli.
P-Lactam antibiotics kill bacteria by inhibiting
the terminal stages of peptidoglycan synthesis
(14). In Escherichia coli seven penicillin-binding
proteins (PBPs) have been identified, and stud-
ies from several laboratories suggest that inacti-
vation of the higher-molecular-weight PBPs 1A/
1B, 2, and 3 is lethal, but that the lower-
molecular-weight PBPs 4, 5, and 6 are probably
not of major importance in the killing action of
,-lactam antibiotics (5, 7, 8, 10-14). PBPs 4, 5,
and 6 each catalyze a D-alanine carboxypepti-
dase (CPase) reaction in vitro (1, 18). CPase la
was originally thought to comprise PBPs 5 and 6
(15), but an improved purification scheme has
allowed the separation ofPBP 5 from PBP 6, and
each protein has CPase activity, although the
activity of the former PBP is about three times
that of the latter (1). PBPs 5 and 6 are the two
most abundant PBPs, and together they consti-
tute more than 80%o of the total penicillin-binding
activity of E. coli cell envelopes (12). CPase lb
has been shown to be identical to PBP 4 and is
the most active of the three CPases in vitro (5,
8). However, recent experiments suggest that in
vivo it may not function as a CPase but as a
secondary transpeptidase, involved in the matu-
ration of loosely cross-linked nascent peptido-
glycan to the more cross-linked mature form (3,
4).
To assess the physiological importance of
these CPases, mutants that lack detectable in
vitro activity of PBP 4 (dacB), PBP 5 (dacA), or
both (dacA dacB), have been isolated (5, 7-10,
13, 16). All of these mutants grow without
serious impairment, suggesting that PBPs 4 and
5 are nonessential for survival under laboratory
conditions. Since point mutants may retain sig-
nificant enzymatic activity in vivo, a rigorous
proof that a PBP is nonessential requires the
isolation of deletion mutants, ideally of mutants
lacking the entire gene. Such a mutant has been
constructed for E. coli PBP 5 (13). The physio-
logical role of PBP 6 is not known since no
mutant with a defect of this protein has been
described. We report here the isolation of a
mutant that totally lacks PBP 6 owing to the
deletion of part or all of the PBP 6 gene. The
properties of this mutant establish that PBP 6 is
nonessential for the growth of E. coli. In accor-
dance with the nomenclature of the PBP 4 and 5
genes, we have called the PBP 6 gene dacC.
The strategy used to construct a dacC deletion
mutant was similar to that used previously to
obtain a mutant deleted of the entire dacA gene
(13). The bacterial strains and phage X deriva-
tives used in this work are listed in Table 1. The
dacC gene was cloned on a 6.4-kilobase EcoRI
fragment as follows. E. coli C600 chromosomal
DNA was digested partially with EcoRI and
ligated to the EcoRI-cleaved plasmid pSF2124
(ColEl::Tn3). The ligation mixture was used to
transform E. coli C600 to ampicillin resistance,
and transformants containing recombinant plas-
mids were detected by the insertional inactiva-
tion of colicin production. Since no selection
exists for the dacC gene, the transformants that
contained recombinant plasmids were screened
for elevated levels of PBP 6. Cell envelopes
were prepared from transformants, and PBPs
were assayed as previously described (12), ex-
cept that plasmid TEM P-lactamase was inacti-
vated by preincubation of the cell envelopes
with clavulanic acid (1 ,ug/ml) for 2 min at 30°C
before the addition of [14C]benzylpenicillin.
Plasmid DNA was isolated from a transformant
that had a greatly elevated level ofPBP 6 (about
20-fold). The plasmid contained 6.4- and 4.0-
kilobase inserts of chromosomal DNA, and each
of these was individually recloned in plasmid
pSF2124. Plasmids carrying the 6.4-kilobase
EcoRI fragment (e.g., pLG310) overproduced
PBP 6 (14).
The 6.4-kilobase EcoRI fragment was purified
from plasmid pLG310 and was cloned into the
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TABLE 1. Strains of E. coli and phage A
Strain Description Reference orsource
E. coli
ED3184 his supF W. J. Brammar
JC10240 HfrPO45 thr ilv thi srl::TnlO recAS6 2
JBS100 ED3184 srl::TnlO recAS6(A pdacC) This paper
JBS1001 ED3184 srl::TnlO recAS6 AdacCl This paper
JBS200 ED3184 srl::TnlO recAS6 This paper
SP5003 ED3184 srl::TnlO recA56 A(rodA-dacA-lip) (X drodAl) 13
C600 thr leu thi tonA supE W. J. Brammar
Phage X
XNM627 A(srIXl-2) cI857 srIX4° nin5 srIX5° Sam7 N. Murray
A pdacC A(srIX1-3) dacC+ cI857 srIX4° ninS srIX5° Sam7 This paper
replacement vector XNM627 to yield a plaque-
forming phage that we call X pdacC. A pdacC
was used to lysogenize strain ED3184, and since
the att, int, and xis genes have been deleted from
the phage, lysogens can only be formed by recA-
promoted recombination between the dacC re-
gion of the transducing phage and the homolo-
gous chromosomal region. An overnight culture
of strain ED3184 was supplemented with 1 mM
MgCl2 and was infected with X pdacC at a
multiplicity of infection of 10. After 15 min at
A
1 A A
B
..TM
X- - *}e' 0 X _
3 3
4 t~~.
5 _
5 =_6mu-
6-
a b a b c
FIG. 1. Absence of PBP 6 in E. coli JBS1001. (A)
Cells of strains JBS200 (a) and JBS1001 (b) were
grown to a density of 2 x 108 cells per ml in L broth,
and 250-1l amounts were pelleted in an Eppendorf
centrifuge. The cells were suspended in 20 ,ul of 50mM
sodium phosphate buffer (pH 7), freeze-thawed twice,
and incubated for 10 min at 30°C with 5 Il of [3H]ben-
zylpenicillin (30 Ci/mmol; final concentration, 40 ,ug/
ml). Next, 25 ,ul of gel solubilizer buffer (12) was
added, and after 10 min at room temperature, 5 ,ul of
unlabeled benzylpenicillin (20 mg/ml) and 5 p.l of 2-
mercaptoethanol were added, and the samples were
heated at 100°C for 3 min and loaded on an 11%
sodium dodecyl sulfate-polyacrylamide gel (12). The gel
was fluorographed for 4 days as described (12). (B)
Cell envelopes of strains JBS200 (a) JBS1001 (b) and
SP5003 (c) were prepared, and PBPs were assayed as
described (12) with [14C]benzylpenicillin (57 mCi/
mmol). Fluorography was for 16 days.
30°C, the cells were washed twice in L broth (6)
and were grown for 30 min at 30°C. Strain
ED3184 (X pdacC) lysogens were extremely
unstable until made recA. Therefore, the above
lysogen mixture was immediately mated with
Hfr JC10240, which transfers recAS6 linked to
TnlO (2). A pdacC lysogens were identified
among the recA exconjugants by their tempera-
ture sensitivity and immunity to A c.
A resulting recA lysogen, JBS100, was plated
on L agar at 42°C. Under these conditions, 1.2 x
106 cells formed colonies, presumably because
they had spontaneously lost the thermoinducible
X pdacC prophage. Since the parent strain was
recA and since A pdacC lacks the att, int, and xis
genes, the loss of the prophage must occur by
illegitimate excision, which in many cases
should result in the loss offlanking chromosomal
genes as well as X sequences. Survivors of
growth at 42°C that were A sensitive were there-
fore assayed for PBPs by means of whole cell
PBP assay and [3H]benzylpenicillin of high spe-
cific activity (30 Ci/mmol). Among the first 30
survivors examined, we found one that com-
pletely lacked PBP 6 activity in whole cells or in
isolated cell envelopes (Fig. 1).
The extent of the deletion in strain JBS1001 is
unknown. If the deletion left the promoter-proxi-
mal part of the dacC gene intact, strain JBS1001
could produce a truncated PBP 6 protein that
had penicillin-binding activity. However, we
have failed to detect a truncated PB P in whole
cells of strain JBS1001 by using high-specific-
activity [3H]benzylpenicillin and gels that re-
solve proteins with molecular weights as low as
7,000. We therefore conclude that the deletion
removes either all of the dacC gene or enough of
it to prevent the synthesis of any enzymatically
active truncated form of PBP 6.
Strain JBS1001 grew as rod-shaped cells with
a morphology indistinguishable from that of the
isogenic dacC+ strain, JBS200. The mean gener-
ation time in L broth at 37°C was 32 min for both
strain JBS1001 and strain JBS200.
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Mutants that lack PBP 5 activity (dacA-)
show slightly increased sensitivity to P-lactam
antibiotics (10, 17; unpublished observations).
Careful measurement of the concentrations of
ampicillin required to reduce the number of
colony-forming units on L agar by 50% showed
that the PBP 6 mutant, JBS1001, had a very
slightly increased sensitivity to the antibiotic
(50% reduction of colony-forming units by 0.6,
0.5, and 0.3 ,ug of ampicillin per ml for strains
JBS200 dacA+ dacC+, JBS1001 dacA+ AdacC,
and SP5003 AdacA dacC+).
We conclude that the complete loss of PBP 6
does not have marked effects on the growth of E.
coli. Attempts to construct a double-deletion
mutant (dacA- dacC-) will clarify whether the
complete loss of the two most important PBPs of
E. coli is tolerated.
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